Introduction
============

Liver fibrosis and cirrhosis, its end-stage sequelae, represent a major worldwide health problem. However, there is no appropriate drug for treating liver cirrhosis in safe for a long time. Garlic has been used as a traditional medicine for hundreds of years, and scientific studies have shown that it prevents thrombosis as well as inhibits inflammation and cellular oxidative stress.^([@B1]--[@B3])^ However, the effective molecules in garlic and their pharmacological actions have not been elucidated clearly. Substantial evidence shows that aged garlic extract (AGE) ameliorates the oxidative damage implicated in aging and a variety of diseases such as cancer, cardiovascular alterations, stroke, Alzheimer's disease, and other age-related degenerative conditions. In addition, AGE has been widely studied for its high antioxidant content and protective health potential.^([@B4])^ *S*-allyl cysteine (SAC), a constituent of (AGEs), is a stable and odorless compound. The pharmacokinetic behavior of SAC has been reported.^([@B5])^ SAC has been shown to be rapidly and easily absorbed in the gastrointestinal tract and distributed mainly plasma, liver, and kidney (T~1/2~ ≅ 2 h), and the bioavailability was 98% in rats.^([@B5])^ It has been reported that SAC was mainly excreted into urine in the *N*-acethyl form.^([@B5])^ A large number of studies have demonstrated the antioxidant activity of AGE and SAC both *in vivo*, in various experimental animal models associated with oxidative stress, and *in vitro* using several methods to scavenge reactive oxygen species or induce oxidative damage.^([@B4])^ Although it has been reported that SAC protects against doxorubicin toxicity in the liver and heart,^([@B6])^ gentamicin-induced renal damage,^([@B7])^ and ischemic brain damage,^([@B8])^ the effects of SAC on liver fibrosis are still unknown.

We previously reported that SAC attenuates the acute liver injury, and pulmonary fibrosis^([@B9])^ caused by carbon tetrachloride (CCl~4~) in rats. The present study aimed to examine the effects of orally administrated SAC on CCl~4~-induced hepatic fibrosis.

Methods
=======

Reagents
--------

CCl~4~ and collagenase were purchased from Wako Pure Chem. Ind., Ltd. (Osaka, Japan). *N*-acetyl cysteine (NAC), [l]{.smallcaps}-cysteine (CYS), Dulbecco's modified Eagle medium (DMEM), and fetal bovine serum (FBS) were obtained from Sigma (St. Louis, MO). Other regents used were of an analytical grade.

Animals
-------

Male Wistar rats (4 weeks old) were purchased from SLC (Shizuoka, Japan) and maintained for 1 week before experimental use. All rats were cared for under the specifications outlined in the Guiding Principles for the Care and Use of Laboratory Animals and approved by the local ethics committee on experimental animal research. CCl~4~ (2 ml/kg, 25% in corn oil) was intraperitoneally (i.p.) injected into rats twice a week for 12 weeks and more to determine the survival rate (starting numbers of each group: *n* = 20). Rats were randomly divided into seven groups at 4 weeks after CCl~4~ injection (Age 8 weeks). Group 1 was the sham group treated intraperitoneally with corn oil only. Group 2 was the CCl~4~ group treated with CCl~4~ and water. Groups 3, 4, and 5 were the SAC group treated with CCl~4~ and SAC (50, 100, or 200 mg/kg/day). Group 6 was the NAC group treated with CCl~4~ and NAC (600 mg/kg/day). Group 7 was the CYS group treated with CCl~4~ and CYS (600 mg/kg/day). Drugs such as SAC, NAC, and CYS were administered orally to rats as part of a mixed diet at the indicated dose per day. One week after the last treatment of CCl~4~ (5 g/kg, i.p.), the animals were sacrificed under urethane anesthesia to collect their blood. After perfusion with ice-cold saline, liver tissue samples were collected. All animals survived throughout the study (Age 16 weeks).

Samples
-------

Blood samples were centrifuged at 12,000 *g* for 5 min, and the supernatant was stored at −80°C until use. Part of the left lobe was excised, fixed in 10% buffered formaldehyde, and embedded in paraffin blocks. The remaining liver was immediately frozen in liquid nitrogen and then stored at −80°C until use. Serial 4-µm liver sections were subjected to Azan-Mallory staining.

Analysis of liver enzyme activities and lipid peroxides in plasma, and hepatic malondialdehyde
----------------------------------------------------------------------------------------------

Plasma enzyme activities of alanine aminotransferase (ALT) were determined using an automatic analyzer. Plasma lipid peroxides (LPO) were measured using an enzyme-linked immunosorbent assay (ELISA) kit (LPO-586TM, OXIS International, Portland, OR). An equal volume of plasma was mixed with 20 mM phosphate buffer (pH 7.4) containing 0.5 M butylated hydroxytoluene. Each admixture was centrifuged at 3,000 *g* for 10 min at 4°C to remove debris. An aliquot of each sample was removed to determine the protein concentration. The remainder of the sample was used to measure malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) levels with the BIOXYTECH^®^ LPO-586^TM^ assay (OXIS International) according to the manufacturer's instructions. This assay is based on the reaction of a chromogenic reagent, *N*-methyl-2-phenylindole, with MDA and 4-hydroxyalkenales at 45°C, resulting in a stable chromophore with a maximal absorbance at 586 nm. Hepatic total MDA levels were analyzed by the Colorimetric TBARS Microplate Assay Kit (Oxford Biomedical Research, Inc. Oxford, MI). Briefly, the liver tissue (about 200 mg) was deproteinized with 5% sulfosalicylic acid and centrifuged at 10,000 *g* for 15 min at 4°C. The supernatant was used for the assay according to the manufacturer's instructions.

Hydroxyproline contents of liver tissues
----------------------------------------

A modified method of Kivirikko *et al.*^([@B10])^ was used to determine the hydroxyproline content of the left lobe in each rat. The left lobe was lyophilized using a freeze-drying system. Freeze-dried left lobes were hydrolyzed with 5 ml 6N HCl at 100°C for 20 h. Resultant hydrolysates were neutralized with NaOH and adjusted to pH 7--8. Aliquots (500 µl) were oxidized by incubation with 0.2 M chloramine-T solution for 120 min at 0°C, followed by addition of 3.6 M thiosulfate in boiling water for 30 min and then extraction with 3 ml toluene. Aliquots (250 µl) were reacted with Ehrlich's reagent for 30 min at room temperature. Reacted products were measured at 550 nm on a spectrophotometer.

Western blot analysis of liver tissues
--------------------------------------

Frozen liver tissues were homogenized in sample buffer (50 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 10 mM dithiothreitol, 10% glycerol, and 1 mM phenylmethylsulfonyl fluoride). Lysates were centrifuged at 12,000 *g* at 4°C for 15 min. Proteins (30 µg) of soluble and precipitated fractions were electrophoretically separated by 7.5--15% SDS-polyacrylamide gel electrophoresis and then electroblotted onto polyvinylidene difluoride membranes. The membranes were blocked with 5% skim milk and then incubated with an anti-desmin polyclonal antibody (Abcam, Cambridge, UK), anti-α-SMAβ1 monoclonal antibody (Oxford Biomedical Research, Oxford, MI), anti-tissue Inhibitor of metalloproteinase 1 (TIMP-1) monoclonal antibody (R&D Systems, Minneapolis, MN), or anti-collagen-1 antibody (Abcam). Membranes were then incubated with secondary anti-rabbit, -mouse, or -goat IgG (Dako Cytomation; Kyoto, Japan), followed by incubation for 2 min with ECL solution and then exposure to X-ray film. Western blots were quantified using Scion Image ver. 1.63.

Measurement of matrix metalloproteinase activity
------------------------------------------------

The activity of matrix metalloproteinases (MMPs) was detected by gelatin zymography using Novex Zymogram Gels, Tris-Glycine SDS Sample Buffer, Zymogram Renaturing Buffer, and Zymogram Developing Buffer (Invitrogen, Carlsbad, CA). In brief, after lung tissue proteins (50 µg) of soluble and precipitated fractions were electrophoretically separated on gels, the gels were incubated in renaturing buffer at room temperature for 1 h and then in developing buffer at 37°C for 16 h. To stop the reaction, a specific protease inhibitor was added to the developing buffer. Quantitative analysis of the gelatinolytic enzyme was performed using Scion Image ver. 1.63.

α-SMA and desmin immunochemistry
--------------------------------

Liver tissues were fixed in formalin and embedded in paraffin. The tissues were cut serially into 5-µm sections, deparaffinized, and heated in a microwave in citrate buffer (0.1 M, pH 6.0) for 15 min at 600 W, and then cooled at room temperature for 60 min. The sections were treated with 0.3% H~2~O~2~ for 5 min and preincubated with 10% normal goat serum (Vector Laboratories, Burlingame, CA) in phosphate-buffered saline with Tween^®^ 20 (PBST). Double staining for α-SMA (monoclonal mouse anti-human SMA antibody, 1:100; DAKO Cytomation, Glostrup, Denmark) and desmin (rabbit polyclonal anti-desmin antibody, 1:500; Abcam, Tokyo, Japan) was performed on each of these sections at 4°C overnight. Secondary antibodies were fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (1:100; Sigma) or phycoerythrin (PE)-conjugated affini-pure F(ab')2 fragment donkey anti-rabbit IgG (H + L) (1:100; Jackson Immuno Research, PA). The sections were viewed under a confocal laser scanning microscope (LSM510; Carl Zeiss, Tokyo, Japan) using filters for PE (red) and FITC (green).

Statistical analysis
--------------------

Data are expressed as the means ± SEM. Survival data were analyzed by a Kaplan-Meier method. Statistical analysis was performed using analysis of variance (ANOVA), followed by appropriate post-hoc tests including the Scheffe's correction. *P* values of \<0.05 were considered statistically significant.

Results
=======

Survival rate
-------------

Azan-Mallory positive staining of the liver was found from 3 weeks after CCl~4~ administration (data not shown). SAC or NAC was treated from 4 weeks (age 56 days) after CCl~4~ (after the established fibrosis). The survival rate of rats was compared between those with or without SAC treatment at 13 weeks (age 120 days) after the start of CCl~4~ injections (Fig. [1](#F1){ref-type="fig"}). SAC significantly and dose-dependently improved the survival rate of rats.

Plasma ALT and LPO, and hepatic total MDA
-----------------------------------------

Although the plasma levels of ALT (Fig. [2](#F2){ref-type="fig"}A) and LPO (Fig. [2](#F2){ref-type="fig"}B) were increased in the CCl~4~ group compared with those in the sham group, SAC significantly reduced these increases in a dose-dependent manner. NAC and CYS did not reduce the CCl~4~-induced increase of plasma LPO. However, SAC reduced the plasma LPO concentration significantly. Hepatic total MDA levels were significantly increased in the CCl~4~ group. Drug administration groups (SAC, NAC, and CYS groups) significantly decreased the increases to similar extent (Fig. [3](#F3){ref-type="fig"}).

Histological findings and hydroxyproline concentration in the liver
-------------------------------------------------------------------

Fig. [4](#F4){ref-type="fig"}A shows representative Azan-Mallory staining of the liver with repeated CCl~4~ administration that induced necrosis of hepatic cells, fatty acid changes, infiltration of inflammatory cells, and extensive bridging fibrosis. Liver tissue was remarkably protected from CCl~4~-induced fibrosis by SAC (200 mg/kg) (Fig. [4](#F4){ref-type="fig"}B). Similarly, CCl~4~-induced fibrosis was significantly inhibited by NAC (Fig. [4](#F4){ref-type="fig"}C) and CYS (600 mg/kg) (Fig. [4](#F4){ref-type="fig"}D). Hydroxyproline contents are shown in Fig. [5](#F5){ref-type="fig"}. NAC and CYS did not reduce the CCl~4~-induced increase of hydroxyproline content. However, hydroxyproline contents induced by CCl~4~ were significantly reduced in liver tissues by SAC in a dose-dependent manner.

Effect of cysteine compounds on TGF-β levels in the liver
---------------------------------------------------------

Fig. [6](#F6){ref-type="fig"} shows TGF-β levels in the liver as determined by western blot analysis. The TGF-β levels of the control group was significantly increased, by approximately compared with those of the sham group. SAC (200 mg/kg) significantly reduced the CCl~4~-induced increase of TGF-β in the liver.

Activation of hepatic stellate cells
------------------------------------

Double immunofluorescence staining (anti-desmin labeled with FITC, and anti-α-SMA labeled with PE) (Fig. [7](#F7){ref-type="fig"}A) indicated that a fine network pattern of stellate cells (red) existed in the livers treated with CCl~4~ alone for 12 weeks (control). Double-positive cells, presumably activated stellate cells, were observed in the control group. Conversely, the number of desmin-positive stellate cells and α-SMA-positive activated stellate cells was lower in the SAC-treated group. Fig. [7](#F7){ref-type="fig"}B shows the desmin levels in liver tissues. Desmin levels in the CCl~4~ group were significantly increased compared with those in the sham group. The CCl~4~-induced increase of desmin levels was significantly and dose-dependently reduced by SAC. α-SMA expression in the CCl~4~ group was approximately 23-fold higher than that in the sham group. This increase of α-SMA expression was significantly reduced in SAC-treated groups (100 mg/kg and 200 mg/kg).

Fibrolytic activity
-------------------

Fig. [8](#F8){ref-type="fig"}A shows hepatic pro-MMP9 activities as determined by gelatin zymography. Pro-MMP9 activities in the CCl~4~ group were approximately 5-fold higher than those in the sham group. This increase of pro-MMP9 activities was significantly reduced in the SAC (200 mg/kg)-treated group and NAC (600 mg/kg)-treated group. Fig. [8](#F8){ref-type="fig"}B shows TIMP-1 levels in the liver. TIMP-1 expression in the CCl~4~ group was approximately 2.5-fold higher than that in the sham group, which was reduced in SAC-treated groups (100 mg/kg and 200 mg/kg).

Discussion
==========

In this study, we showed that oral administration of SAC after CCl~4~ treatment resulted in marked inhibition of the development of liver fibrosis and cirrhosis as well as mortality. There are few reports on the action of amino acids in hepatic pathophysiology. Dietary [l]{.smallcaps}-glycine attenuates CCl~4~-induced liver fibrosis in rats^([@B11])^ and [l]{.smallcaps}-leucine stimulates the secretion of hepatocyte growth factor by hepatic stellate cell activation.^([@B12])^ Thus, the data presented here on SAC provides new information on the pharmacological action of amino acids in liver fibrosis (Supplemental Fig. [1](#SF1){ref-type="supplementary-material"}\*).

In this study, SAC had a more preventive effect against fibrosis than did NAC and CYS. SAC, but not NAC, inhibited the deposition of collagens and the expression of desmin, α-SMA, and TGF-β. It has been reported that NAC prevents experimental cirrhosis by inhibiting oxidative stress and downregulating the profibrogenic cytokine TGF-β.^([@B13])^ However, the drug treatments in our study were started from 4 weeks after CCl~4~ administration when fibrosis was observed histologically. Therefore, the preventive effects of SAC on the promotion of fibrosis may be synergistically caused by its antioxidative and anti-fibrogenic effects. In fact, the increase of plasma LPOs (Fig. [2](#F2){ref-type="fig"}B) and hepatic TGF-β (Fig. [6](#F6){ref-type="fig"}) did not decrease following NAC or CYS treatment under the progress of fibrosis. The increases of hepatic MDA levels were decreased to same extent in all drug-administered groups (Fig. [3](#F3){ref-type="fig"}). In other words, oxidative stress in the liver might improve similarly in all groups. In addition, inhibition of fibrotic formation (TGF-β production) by repeated CCl~4~ injection may be systemically and totally resulted in decrease of lipid peroxidation by SAC (200 mg/kg). By definition, progressive fibrosis occurs when the rate of matrix synthesis exceeds the rate of matrix degradation.^([@B14])^ Furthermore, the MMP/TIMP balance is thought to play a pivotal role in the development of liver fibrosis, but their direct interactions *in vivo* have not yet been clarified. SAC, but not NAC and CYS, inhibited both pro-MMP9 and TIMP1 expression (Fig. [7](#F7){ref-type="fig"}). The finding that SAC inhibited hydroxyproline contents (Fig. [5](#F5){ref-type="fig"}) and TGF-β levels (Fig. [6](#F6){ref-type="fig"}C) suggested the involvement of the fibrolytic system.

Many reports have considered that hepatic stellate cells are central to the fibrotic process. It has been suggested that hepatic stellate cells are also a source of MMPs, indicating their participation in matrix remodeling.^([@B15]--[@B17])^ SAC reduced the number of hepatic stellate cells (Fig. [8](#F8){ref-type="fig"}) and their α-SMA expression and activation status (Fig. [6](#F6){ref-type="fig"}A and B), which may have resulted from the decrease of MMPs.

SAC might markedly improve the survival rate by altering the balance of fibrolytic enzymes and fibrogenesis in liver fibrosis formation induced by CCl~4~. However, it is unclear whether SAC directly inhibits the activation of hepatic stellate cells and/or the relationship between Kupffer cells and hepatic stellate cells. SAC inhibits the release of cytokines/chemokines that induce neutrophil recruitment, activation of key transcription factors including nuclear factor (NF)-κB, and activator protein-1, thereby augmenting inflammatory responses and tissue damage. Furthermore, it has been shown that SAC inhibits NF-κB activation induced by tumor necrosis factor-α and H~2~O~2~ in human T lymphocytes.^([@B18])^ Because our preliminary study revealed that SAC showed no effect on platelet-derived growth factor-dependent activation of hepatic stellate cells *in vitro*, the anti-fibrotic mechanisms might potentially involve some types of cells indirectly.

In conclusion, SAC significantly resolved CCl~4~-induced liver fibrosis with a decrease in the profibrogenic cytokine TGF-β as well as the antioxidative properties of SAC. SAC may be a better therapeutic agent for inhibition of liver fibrosis than other cysteine compounds.
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###### Supplemental Figure 1

![Effects of SAC treatment on the survival rate. The survival rate of rats was compared with or without drug treatment at 120 days after the start of CCl~4~ injections. Statistical analysis was performed using the chi-square test. Black large dotted line, Control; gray solid line, NAC (600 mg/kg/day); black dotted line, SAC (200 mg/kg/day); black solid line, SAC (600 mg/kg/day). SAC (200 mg/kg/day) and NAC (600 mg/kg/day); *p*\<0.05. SAC (600 mg/kg/day); *p*\<0.01.](jcbn14-108f01){#F1}

![Effects of cysteine compounds on plasma ALT and LPO levels following CCl~4~ administration. CCl~4~ (2 ml/kg, 25% in corn oil) was intraperitoneally injected into rats twice a week for 12 weeks. Rats were randomly divided into 7 groups at 4 weeks after CCl~4~ injection. SAC, NAC, and CYS were administered to rats as a mixed diet of the expressed dose per day. At 1 week after the final CCl~4~ treatment, the animals were sacrificed, and assays were performed as described in the Materials and Methods. (A) Plasma ALT levels. (B) Plasma LPO (MDA + HNE) levels. Data are presented as the means ± SEM of at least 5 animals. ^††^*p*\<0.01 vs the sham group. \**p*\<0.05 vs the vehicle group.](jcbn14-108f02){#F2}

![Effects of cysteine compounds on hepatic MDA levels following CCl~4~ administration. CCl~4~ (2 ml/kg, 25% in corn oil) was intraperitoneally injected into rats twice a week for 12 weeks. Rats were randomly divided into 7 groups at 4 weeks after CCl~4~ injection. SAC, NAC, and CYS were administered to rats as a mixed diet of the expressed dose per day. At 1 week after the final CCl~4~ treatment, the animals were sacrificed, and assays were performed as described in the Materials and Methods. Data are presented as the means ± SEM of at least 5 animals. ^††^*p*\<0.01 vs the sham group. \**p*\<0.05, \*\**p*\<0.01 vs the vehicle group.](jcbn14-108f03){#F3}

![Effect of cysteine compounds on liver histology of hepatic fibrosis. Representative images of Azan-Mallory staining of the liver at 12 weeks after CCl~4~ administration. The animals were treated as described in the legend for Fig. [2](#F2){ref-type="fig"}. The animals were sacrificed and the right lobe was fixed and embedded in paraffin. (A) Vehicle. (B) SAC (200 mg/kg). (C) NAC (600 mg/kg). (D) CYS (600 mg/kg).](jcbn14-108f04){#F4}

![Hydroxyproline levels in the liver. The amount of collagen in the liver is expressed as the content of hydroxyproline. Data are presented as the means ± SEM of at least 5 animals. ^††^*p*\<0.01 vs the sham group. \**p*\<0.05 vs the vehicle group.](jcbn14-108f05){#F5}

![Effect of cysteine compounds on TGF-β levels in the liver. Tissue lysates was evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described in the Materials and Methods. Animals were treated as described in Fig. [2](#F2){ref-type="fig"}. The relative increases of the intensity compared with the sham group are expressed as percentages. Values are means ± SEM (*n* = 5--8). \**p*\<0.05 vs the CCl~4~ group. ^††^*p*\<0.01 vs the sham group.](jcbn14-108f06){#F6}

![Effect of cysteine compounds on hepatic stellate cell activation in the liver. (A) Double immunofluorescence staining (anti-desmin labeled with FITC and anti-α-SMA labeled with PE) indicated a fine network pattern of stellate cells in the livers treated with CCl~4~ alone for 12 weeks (Control). Double-positive cells, presumably activated stellate cells, were observed in the control group. Conversely, desmin-positive (red) and α-SMA-positive (green) cells were hardly observed in SAC-treated groups (SAC 200). (B) Effect of cysteine compounds on the expression of desmin and α-SMA in the liver. Tissue lysates were evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis as described in the Materials and Methods. Animals were treated as described in the legend to Fig. [2](#F2){ref-type="fig"}. The relative increases of the intensity compared with the sham group are expressed as percentages. Values are the means ± SEM (*n* = 5--8). \**p*\<0.05 vs the CCl~4~ group. ^††^*p*\<0.01 vs the sham group. See online version figure.](jcbn14-108f07){#F7}

![Effect of cysteine compounds on pro-MMP9 and TIMP-1 activities in the liver. (A) The protease activity of pro-MMP9 was detected by gelatin zymography. (B) TIMP-1 activity was detected by western blot analysis. Relative increases compared with the sham group are presented. Values are the means ± SEM (*n* = 5--8). \**p*\<0.05 vs CCl~4~ group. ^††^*p*\<0.01 vs the sham group.](jcbn14-108f08){#F8}
